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Abstract

Sulfated N- and O-glycans exist in trace levels which are challenging to detect, especially when abundant neutral and sialylated glycans are present. Current matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS)-based sulfoglycomics approaches effectively utilize permethylation to discriminate sulfated glycans from sialyl-glycans. And a charge-based separation to isolate the sulfated glycans from the rest of the permethylated neutral and sialyl-glycans. However, these approaches suffer from concomitant sample losses during cleanup steps. Herein, we describe Glycoblotting as a straightforward complementary method with seamless glycan purification, enrichment, methylation, and labeling on a single platform to address sulfated glycan enrichment, sialic acid methylation, and sample loss. Glycoblottings’ on-bead chemoselective ligation of reducing sugars with hydrazide showed excellent recovery of sulfated glycans, allowing the detection of more sulfated glycan species. On-bead methyl esterification of sialic acid using 3-methyl-1-p-tolyltriazene (MTT) effectively discriminates sulfated glycans from sialyl-glycans. Furthermore, we have shown that using MTT as a methylating agent allowed us to simultaneously detect and differentiate sulfate from phosphate groups in isobaric N-glycan species. We believe that Glycoblotting will contribute significantly to the MALDI-TOF MS-based Sulphoglycomics workflow.








Significance of the Study
	
Current MALDI-TOF MS-based sulfoglycomics approaches extensively rely on permethylation to effectively discriminate sulfated glycans from abundant neutral and sialyl glycans. Conversely, this study presents the Glycoblotting protocol as a complementary method for MALDI-TOF MS-based sulfoglycomics workflow. The Glycoblotting protocol provides a seamless process for on-bead glycan purification, enrichment, methylation, and labeling on a single platform that addresses the three main challenges of sulfoglycomics – trace abundance, sample loss, and the presence of sialic acid. Furthermore, the Glycoblotting-based sulfoglycomics workflow allowed the differentiation of sulfate from phosphate groups in isobaric glycan species. Thus, this workflow offers a new dimension to sulfoglycomics, including phosphorylated glycans.















INTRODUCTION
Studies have shown the significance of sulfation of the non-reducing terminal epitopes of N- and O-glycans, which modifies their physicochemical characteristics and  ability to function as cognate ligands for pathogens and endogenous glycan-binding proteins. However, the presence of sulfated glycotopes in physiologically relevant situations is generally less corroborated[1].
[bookmark: _Hlk131864106][bookmark: _Hlk131089598]Sulfated glycans, such as those found in tissues[1, 2], blood[3, 4], and urine[2, 5], are often present in low abundance in biological samples, making their purification and enrichment challenging. In addition, sulfated glycans are difficult to ionize and detect because of their hydrophilicity and labile sulfate groups. Furthermore, sulfate groups may be lost during ionization, resulting in the loss of structural information[6, 7]. Given these limitations, the general approach for mass spectrometry (MS)-based sulfoglycomics is permethylation[8]. Fully permethylated sulfated glycans maintain their negative charge, allowing the selective detection of sulfated glycans using MS in negative ion mode, and are readily separated from the more abundant non-sulfated glycans, which is challenging to achieve with native glycans[8–10]. In contrast, the analysis of native sulfated glycans usually employs specialized columns, such as serotonin-immobilized[4, 11] columns and TiO2-PGC[3] columns for liquid chromatography (LC) separation, followed by electrospray ionization mass spectrometry (ESI-MS)[1, 9].
[bookmark: _Hlk131857094]Permethylated glycans have greater hydrophobicity and reduced charge repulsion, thus improving ionization efficiency and increasing MS sensitivity[12]. The structural elucidation of sulfated glycans can also be facilitated by permethylation, mainly because methylation can produce distinctive fragmentation patterns in MS/MS analysis[8, 10]. However, due to the possibility of partial methyl-esterification[13] and sulfate loss[6], permethylation reaction conditions must be carefully optimized[7, 14]. Although this approach has succeeded in several MS-based structural analyses of complex oligosaccharides, its multi-step process requires skilled analysts and time-consuming sample handling and clean-up stages, which may result in successive sample losses[12]. To address these challenges while maintaining the merits of methylation, thus this work proposed a Glycoblotting-based approach.
Glycoblotting is a high-throughput method for quantitative large-scale glycomics that allows efficient glycan enrichment and quantification that our group developed. In addition, we established that the glycan recovery efficiency of the Glycoblotting method is superior to that of hydrophilic interaction liquid chromatography (HILIC) and solid-phase extraction (SPE) for glycan separation and enrichment[15, 16]. In this study, we describe the utilization of the Glycoblotting protocol as a complementary method with a seamless sequential process of on-bead glycan purification, enrichment, methylation, and labeling techniques on a single platform. Followed by weak anion exchange (WAX) separation of sulfated glycans, then MALDI-TOF MS analysis (Fig. S1).

Methodology
2.1 Materials. Porcine stomach mucin (PSM) type III and ovomucoid (OVM) type III-O were purchased from Sigma-Aldrich Corp. (St. Louis, MO, USA). Bovine thyroglobulin (BTG) was purchased from EMD Millipore Corp. (USA). Peptide N-glycosidase F (PNGase F) was acquired from New England BioLabs (Ipswich, MA, USA), proteinase K was from Roche (Germany), trypsin was from Sigma-Aldrich Corp. (St. Louis, MO, USA), and the bacterial alkaline phosphatase (BAP) was from Nippon Gene, Ltd. (Tokyo, Japan). Ammonium carbamate, benzyloxyamine hydrochloride (BOA), 3-methyl-1-p-tolyltriazene (MTT), disialyloctasaccharide (SGP-10), hexa-N-acetylchitohexaose, 2,5-dihydroxybenzoic acid (DHB), sodium bicarbonate (NaHCO3), 3,4-diaminobenzophenone (DABP), and trifluoroacetic acid (TFA) were purchased from Tokyo Chemical Industry Co. (Tokyo, Japan). BlotGlycoH beads were acquired from Sumitomo Bakelite Co., Ltd. (Tokyo, Japan).

[bookmark: _Hlk131098558][bookmark: _Hlk131858118]2.2 O-glycan Release. O-glycans were chemically liberated using the ammonium carbamate method, as previously described[17]. Briefly, to a 30 mg dry ammonium carbamate powder, 10 L of PSM suspension (10 g/L) was added in an Eppendorf tube. The mixture was incubated at 60oC for 20 hr. After incubation, 500 L water was added and evaporated at 60oC in vacuo. The residue was then reconstituted with 500 L of 150 mM acetic acid (AcOH) solution. The sample was dried at 60oC in a SpeedVac and stored at -20oC until use.

[bookmark: _Hlk106796676]2.3 N-glycan Release[18, 19]. Eight microliters of 50 g/L bovine thyroglobulins (BTG) (approximately 400 g) was dissolved in 50 L of 200 mM NH4HCO3, followed by the addition of 4 L denaturation buffer (5% SDS, 0.4 M DTT). The mixture was denatured for 10 mins at 100oC. After denaturation, 10 L of 123 mM iodoacetamide was added to the mixture, which was then incubated in the dark at room temperature for 1 hr. Tryptic digestion was achieved by adding 10 L of 40 U/L sequence-grade Trypsin (Sigma-Aldrich) in 1 mM HCl; the mixture was then incubated overnight at 37oC, followed by heat inactivation of the enzyme at 90oC for 10 min. The tryptic digest was allowed to cool at room temperature, then 8 L reaction buffer (0.5 M Na3PO4, pH 7.5), 8 L 10% NP-40, and 2 L of 5 U/L PNGase F (New England BioLabs) were added and incubated overnight at 37oC. The mixture was further digested with 10 L of 0.5 U/L Proteinase K (Roche, Germany) at 37oC for 3 hr, followed by heat inactivation of the enzyme at 90oC for 10 min. The sample was dried in a SpeedVac and stored at -20oC until use.

2.4 Glycan Enrichment Using Glycoblotting[18–20]. A 250 L aliquot of 10 mg/mL BlotGlycoH bead (Sumitomo Bakelite, Co.) suspension was dispensed into each well of the 96-well multiScreen Solvinert filter plate (Millipore, Billerica, MA, USA). The filter plate was then attached to a vacuum manifold to remove water. The dried samples containing released glycans (N- or O-glycans) from the glycoproteins were reconstituted with 40 L MilliQ water. A 20 L aliquot of the reconstituted sample was added to the wells with 10 L of 100 M disialyloctasaccharide, SGP-10 (Tokyo Chemical Industry Co., Ltd.) internal standard, and 180 L of 2% AcOH in acetonitrile (MeCN). The 96-well filter plate was incubated at 80oC for 45 min until dry. Each sample well was sequentially washed with 200 L of 2 M guanidine-HCl in 16 mM NH4HCO3, water, and 1% triethylamine in methanol (MeOH). Each solvent washing was performed twice and vacuumed after every washing step. The unreacted hydrazide functional groups on the beads were capped with acetyl groups by incubating each sample well with 100 L of 10% acetic anhydride in MeOH for 30 min at room temperature. The capping solution was then removed by vacuum and sequentially washed twice with 200 L of 10 mM HCl, MeOH, and dioxane. On-bead methyl esterification of the carboxyl groups of acidic glycans (e.g., sialic acid) was performed by adding 100 L of 100 mM 3-methyl-1-p-tolyltriazene (MTT) in dioxane into the sample and incubated at 60oC for 90 min until dry[21]. The 96-well plate was sequentially washed twice with 200 L of dioxane, water, MeOH, and water. The captured glycans on the BlotGlycoH beads were labeled with benzyloxyamine (BOA) via trans-iminization reaction. The labeling was performed by adding 20 L of 50 mM BOA-HCl and 180 L of 2% AcOH in MeCN at 80oC for 45 min. BOA-labeled glycans were eluted twice with 150 L water. The sample was dried in a SpeedVac and stored at -20oC until use. 

[bookmark: _Hlk124244214][bookmark: _Hlk124243202][bookmark: _Hlk124244017][bookmark: _Hlk124244124]2.5 Anionic-glycan Separation using WAX[10, 22]. Fifty microliters of 100 mg/mL 3-aminopropyl silica gel suspension (1 mmol/mg, Tokyo Chemical Industry Co. Ltd.) were packed into a 200 L micropipette tip with a cotton plug. The packed weak anion exchange (WAX) microcolumn was conditioned and washed sequentially with 100 L water, MeCN, and 1% AcOH in 95% MeCN twice. After each conditioning and washing step, the column was centrifugated at 500 rpm for 2 min. BOA-labeled N-glycans (or O-glycans) were reconstituted with 20 L water. A 5 L sample aliquot was dissolved in 150 L 1% AcOH in 95% MeCN and then loaded into the column. The sample was allowed to elute by gravity, and the collected eluate was reloaded back into the column; this step was done three times. The column was washed with 1% AcOH in 95% MeCN to remove unbound and hydrophobic contaminants. BOA-labeled neutral and mono-methylated sialyl N-glycans (or O-glycans) were eluted with 1% AcOH in 50% MeCN, while sulfated N-glycans (or O-glycans) were eluted with 1% NH4OH in 5% MeCN (pH 10.5). The eluates were dried in a SpeedVac and stored at -20oC until use.

2.6 Mass Spectrometric Analysis. MALDI-TOF MS analysis of BOA-labeled N- and O-glycans was performed using Ultraflex III (Bruker, Bremen, Germany) operated in reflectron mode in positive and negative ion acquisition modes. Neutral and monomethylated sialyl-glycans were analyzed in positive ion mode using 10 mg/mL DHB/NaHCO3 (10:1) in 50% MeCN matrix[23, 24]. While sulfated glycans were analyzed in negative ion mode using the DABP matrix (3,4-diaminobenzophenone, 10 mg/mL in 75% MeCN with 0.1% TFA)[1, 10, 22, 25]. MALDI-TOF and MALDI-TOF/TOF MS data were annotated using the Bruker FlexAnalysis 3.0 software package. Experimental m/z was used to predict the possible glycan composition using the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics (https://web.expasy.org/glycomod/) and GlycoWorkbench[26, 27].

2.7 Alkaline Phosphatase Digestion. The N-glycans released from chicken egg white ovomucoid (OVM) were reconstituted with 50 L BAP buffer (100 mM Tris-HCl, 1 mM MgSO4, pH 8.0). A 1 L aliquot of 0.8 U/L alkaline phosphatase (Nippon Gene) was added. The mixture was incubated at 37oC for 24 hr.

Results and Discussion
3.1 Direct Analysis of Native Sulfated O-glycans. Our group has previously described a method for the direct analysis of neutral and sialylated native O-glycans. The technique utilizes a novel matrix, wherein a mixture of benzyloxyamine (BOA), 2,5-dihydroxybenzoic acid (DHB), and sodium bicarbonate (NaHCO3) was used[24]. This method demonstrated good sensitivity and stable modification of the glycan-reducing end by BOA, owing to oxime bond formation. Furthermore, sialic acid loss during MALDI-TOF MS analysis was also suppressed. Thus, the method showed that native glycans could be analyzed by MALDI-TOF MS devoid of sialic acid loss, even without additional glycan modifications, such as permethylation. Using the described novel matrix, we attempted to simultaneously analyze unmodified sulfated and sialylated O-glycans from porcine stomach mucin (PSM). Anionic O-glycans (i.e., sulfated and sialylated) were analyzed from PSM by chemically liberating O-glycans using the ammonium carbamate method[17], followed by glycan enrichment and purification by cotton HILIC[28]; anionic glycans were then fractionated using WAX[10, 22] and finally, MALDI-TOF MS (Method S1).
Cotton HILIC afforded satisfactory recovery of unmodified native O-glycans from PSM after elution with water. Furthermore, after cotton HILIC enrichment, WAX separation successfully fractionated sulfated O-glycans from neutral O-glycans (Fig 1A). Anionic WAX fractionation of sulfated O-glycans was achieved by first eluting neutral O-glycans with 1% AcOH in 50% MeCN. Sulfated O-glycans were then eluted using 1% NH4OH in 5% MeCN (pH 10.5) solution. Despite the repeatability of the method, poor sulfated O-glycan detection was observed compared to that of neutral O-glycans. Thus, this limitation warrants a more efficient glycan enrichment protocol to effectively concentrate abundant neutral glycans, especially trace sulfated glycans, from glycoproteins. Therefore, instead of using cotton HILIC, we explored the practicality of using the Glycoblotting method for sulfoglycomics workflow.

3.2 Glycoblotting-based Analysis of Sulfated O-glycans. We previously established that the efficiency of N-glycan recovery from whole human serum using the Glycoblotting method was 72.5±5.0%[15]. Thus, we evaluated the feasibility of the Glycoblotting protocol as a complementary glycan purification, enrichment, methylation, and labeling method for sulfated glycan analysis. 
Figure 1B shows the MS profile of O-glycans from PSM enriched using the Glycoblotting method. The neutral O-glycan profile observed was of similar molecular ion peaks detected on the cotton HILIC enrichment. However, using Glycoblotting enrichment, the relative glycan peak intensities were higher compared to the cotton HILIC-enriched glycans with respect to the internal standard, Hexa-N-acetylchitohexaose (200 pmol). Also, Glycoblotting enrichment allowed the detection of more sulfated glycan species. To qualitatively estimate the glycan enrichment of cotton HILIC and Glycoblotting, the total glycan peak area was calculated from the summation of O-glycan peak areas identified in each spectrum (Fig 1C). From the total glycan peak areas, cotton HILIC enrichment was approximately 10% of that of the Glycoblotting method for neutral and sulfated glycans. This indicates that the Glycoblotting method is more suitable for enriching trace sulfated glycans in glycoproteins.
[bookmark: _Hlk131161142]It is worth noting that during MALDI-TOF MS analysis, not only sulfated O-glycan species were detected but also sulfated N-glycans, especially in the high-mass region (m/z 1400–2500). This is because of the ammonium carbamate method used to chemically liberate O-glycans through nonreductive 𝛽-elimination, which minimizes peeling reactions and significant deletion of acid-labile sialic acid moieties as previously reported by Miura, Y. et al.[17]. Furthermore, in previous studies using WAX separation, sulfated glycans were eluted at low pH using either 0.1% FA (pH 2.5), 0.25% FA (pH 1.5), or 0.1% TFA in MeCN solution[10]. However, in this study, WAX fractionation of sulfated glycans was achieved using 1% NH4OH in 5% MeCN (pH 10.5) solution. The 1% NH4OH in 5% MeCN eluent solution was considered over the previously reported acidic eluent solutions[10], primarily because at low pH, partial hydrolysis of BOA from the BOA-labeled glycans was observed (data not shown). Partially hydrolyzed glycan species during MALDI-TOF analysis make the MS profiles complicated to analyze.

[bookmark: _Hlk131762402][bookmark: _Hlk131857562][bookmark: _Hlk131765609] 3.3 Glycoblotting-based Analysis of Sulfated-Sialyl N-glycans. Bovine thyroglobulin (BTG) contains 14 possible N-glycosylation sites, 13 of which have been confirmed to be N-glycosylated[25]. Besides having sialylated N-glycans, BTG has been reported to contain sulfated N-glycans[11, 29] and sulfated-sialyl N-glycans[25, 30]. Since BTG contains a mixture of sialylated, sulfated, and sulfated-sialyl N-glycans, we employed BTG to evaluate the feasibility of the Glycoblotting method to discriminate between sulfated N-glycans and sialylated N-glycans. To analyze sulfated N-glycans in the presence of sialylated N-glycans, MS-based sulfoglycomics workflow generally employs permethylation to methyl-esterify the carboxyl functional group of sialic acid, apart from the O-methylation of the hydroxyl moieties within the glycan backbone. Previous works have shown that sulfated N-glycans can be permethylated using the modified Hakomori method without losing sulfate groups[14]. Also, sulfated-sialyl glycans were permethylated efficiently using the NaOH/DMSO slurry method at low temperatures. Furthermore, the sulfate groups remained unmethylated under these reaction conditions[7, 10]. On the other hand, the Glycoblotting method utilizes the 3-methyl-1-p-tolyltriazene (MTT) to methyl esterify the carboxyl group of sialic acid while the hydroxyl groups remain unmodified. The methyl esterification protocol using MTT also allows the mono-methylation of phosphates, while sulfates remain unmethylated[16, 31].
High mannose (Man5, Man6, Man7, Man8, and Man9) and mono-, di-, and tri-sialylated multi-antennary complex N-glycans were detected in the neutral N-glycan fraction after the WAX separation of BOA-labeled N-glycans from BTG (Fig. 2). The acidic N-glycan fraction also showed a mixture of mono-sulfated Man5 and complex N-glycans and mono- and di-sialylated multi-antennary complex N-glycans with single sulfation. Interestingly, several neutral N-glycan peaks (1362.6, 1914.8, 2219.9, 2381.9, 2525.0, 2585.0, 2747.1, 2890.2, 3052.2, 3274.2, and 3417.4 m/z) have corresponding sulfated N-glycan peaks in the MS profile of the acidic glycan fraction, having a mass difference of m/z 56 [SO3 – Na+ – H+], indicating the presence of a sulfate moiety. Furthermore, the results showed the possible presence of terminal sialyl-LacNAc, sulfo-LacNAc, and sulfo sialyl-LacNAc epitopes on the N-glycans expressed on BTG. Lastly, we demonstrated that the Glycoblotting method using MTT effectively discriminates sulfated N-glycans from sialylated N-glycans through the utilization of the on-bead methyl esterification method. The on-bead methyl esterification protocol also addresses the concomitant sample losses due to several clean-up steps accompanying the permethylation method, resulting in higher glycan recovery[16].

3.4 Chicken Egg White Ovomucoid Contains Phosphorylated High-mannose N-glycan. Ovomucoid (OVM) is one of the major glycoproteins found in chicken egg white and is heavily glycosylated. Around 25-30% of the entire molecule is composed of oligosaccharides. Bisecting multi-antennary N-glycans with and without terminal galactose has been reported to be the major glycan structure in ovomucoid. Acidic N-glycans such as mono- and di-sialylated bi-antennary N-glycans were also found together with sulfated N-glycans[32–34]. In addition to the previously reported N-glycans expressed in ovomucoid, in this study, we report for the first time the detection of a mono-phosphorylated high mannose (Man6) N-glycan from ovomucoid. Whether glycans are phosphorylated or sulfated, it is difficult to distinguish based on MALDI-TOF MS alone primarily because phosphate (–HPO3-, 79.9799 m/z) and sulfate (–SO3-, 80.0632 m/z) moieties have almost similar masses[4, 11]. Previously, we showed that the on-bead methyl esterification incorporated with the Glycoblotting method using MTT as a methylating agent successfully O-methylated phosphate groups on phospholipids[31]. In this study, we demonstrated that phosphate groups on N-glycans could also be methylated using MTT, which allowed us to discriminate phosphate moieties from sulfate groups on N-glycans.
[bookmark: _Hlk131159282]Accompanying the sulfated N-glycans detected was a phosphorylated high-mannose N-glycan (1594.7 m/z, [M – H]-) (Fig 3A, sulfated N-glycan spectra). A neutral N-glycan peak at 1524.7 m/z, [M+Na] + which corresponds to Man6 without phosphorylation, was also present (Fig 3A, neutral glycan spectra), having a mass difference of m/z 70 [HPO3Me – Na+ – H+], indicating the presence of a phosphate group. MALDI-TOF/TOF MS analysis of the phosphorylated Man6 in positive ion reflectron mode was performed on its corresponding di-sodiated molecular ion adduct [M+2Na – H] + having 1640.6 m/z (Fig 3B). Fragment ions bearing phosphate groups were detected in the TOF/TOF MS spectra. The fragment ion peak at m/z 140.67 corresponds to the loss of the mono-methylated phosphate group [PO3Me+2Na+]. The fragment ions at 462.93, 949.42, and 1111.27 m/z correspond to [PO3Me+Hex2+2Na+], [PO3Me+Hex5+2Na+], and [PO3Me+Hex6+2Na+], respectively. In addition, neutral losses corresponding to Hex, HexHex, HexHexHex, and HexNAc were observed. The reducing-end GlcNAc terminus labeled with BOA was also observed, corresponding to a neutral loss of 326.20 m/z. Furthermore, N-glycans from ovomucoid were digested with 1 L of 0.8 U/L alkaline phosphatase (Nippon Gene) in BAP buffer (100 mM Tris-HCl, 1 mM MgSO4, pH 8.0) at 37oC for 24 hr. Alkaline phosphatase digestion was performed to confirm that the molecular ion peak at 1594.7 m/z, [M – H]- is a mono-phosphorylated high-mannose N-glycan. It can be seen in Figure 4 that the peak intensity of 1594.7 m/z diminished after phosphatase treatment, which suggests that it is indeed a phosphorylated N-glycan. Furthermore, on-bead methyl-esterification using MTT allowed us to differentiate between N-glycan isomers that carry either sulfate or phosphate groups since MTT can methylate phosphate, which gives a mass difference of 14 m/z corresponding to a methyl group. The molecular ion peak at 1580.7 m/z was identified as mono-sulfated Man6, which was 14 m/z less than 1594.7 m/z. Thus, this is the first report that uses MTT as a methylating agent to simultaneously detect and differentiate sulfated N-glycan from its corresponding isobaric phosphorylated N-glycan isomer using MALDI-TOF MS. Lastly, the workflow described for the simultaneous analysis of sulfated (Sul) and phosphorylated (Pho) glycans using MALDI-TOF MS is now referred to as Sulphoglycomics.

3.5 Glycoblotting-based Sulphoglycomics of Human Saliva and Chicken Egg White. Human saliva is a highly complex secretion containing mucus, glycoproteins, and electrolytes from the parotid, submaxillary, sublingual, and submandibular glands. Glycoproteins from saliva are highly glycosylated, like mucins (MUC5B and MUC7), salivary agglutinin (gp340), and secretory immunoglobulins (IgA). The primary functions of saliva are lubrication, digestion, and the regulation of oral microflora. However, increasing evidence has shown that peptides and glycoproteins in the saliva play an essential role in the first line of oral defense against pathogens. Furthermore, salivary glycosylation is highly sensitive to changes in biological conditions and has been implicated in various diseases[35–39]. With this, we explored the feasibility of the Glycoblotting-based sulphoglycomics workflow to elucidate the glycan profile of a highly complex sample, such as saliva. 
Unstimulated saliva samples were collected from a healthy volunteer by passive drooling into a 50 mL Falcon tube with 2 mL PBS and a protease inhibitor cocktail. The saliva was clarified and concentrated using an Amicon Ultra-15 Centrifugal Filter device with Ultracel 10k membrane (Merck Millipore, Cork, IRL). Protein quantification of stock saliva was performed using Micro BCA Protein Assay Kit (Thermo Scientific, Rockford, IL, USA). N- and O-glycans were subsequently released and Glycoblotted. Sulfated glycans were separated using WAX and analyzed using MALDI-TOF MS.
As previously described, most N-glycans observed in human saliva of healthy individuals have a bi-antennary structure with single or multiple fucosylations. Core and branch-fucosylation have also been reported, and terminal epitopes such as Lex, Ley, and H-antigens exist. Core fucosylated sialyl N-glycans were also observed [38, 40]. Conversely, mono-sulfated complex N-glycans with mono-, di-, or tri-fucosylation were detected in the acidic N-glycan fraction of the WAX separation. N-glycans with possible sulfated GlcNAc, sulfated LacNAc, and sulfated Lex terminal epitopes were inferred from the m/z values of the observed molecular ion peaks (Fig 5A).
Similarly, Everest-Dass et al. reported that human salivary O-glycans are fucosylated and that approximately 54% of these O-glycans carry the blood group H-antigen. In addition, sulfation was exclusively observed in O-glycans, which may be attributed to salivary mucins, which are typically modified with sulfate moieties[35]. Interestingly, sulfated O-glycans have been reported to be almost undetectable in the saliva of healthy individuals. However, the expression of sulfated O-glycans in the saliva of patients with ocular rosacea is indicative of disease progression. Sulfated O-glycans detected have typical core 2 structures, in which the sulfate group is generally attached to GlcNAc[36]. In addition to sulfated O-glycans, sulfated N-glycans were also observed in the high-mass region of the MS profile, owing to the ammonium carbamate method used to liberate the O-glycans chemically (Fig 5B).
N-glycans from chicken egg white were also profiled using the Glycoblotting-based sulphoglycomics approach. Avian egg white is interesting because it plays a vital role in embryonic development by acting as a mechanism for thermal and mechanical stress and providing the necessary water source and nutrients during development[41, 42]. In addition, egg white glycoproteins such as lysozyme, ovotransferrin, ovomucoid, and ovostatin elicit antimicrobial activity, thus protecting the embryo from infection. These proteins are heavily glycosylated; therefore, glycosylation may be vital during infection[43–45]. 
The neutral N-glycan profile showed (Fig. 6) that the major glycan structures inferred from the masses of the monoisotopic ions [M+Na] + observed are high-mannose and bisecting multi-antennary complex N-glycans. Unlike human salivary N-glycans, no fucosylation was observed in egg white N-glycans. On the other hand, sulfated N-glycan structures were mono-sulfated high-mannose, hybrid, and complex N-glycans with GlcNAc and LacNAc terminal epitopes (Fig. 6 and S2). Two isomeric high-mannose structures with sulfate (1580.6 m/z) and phosphate (1594.6 m/z) groups were also detected, similar to the ovomucoid shown in Figure 4. Furthermore, chicken egg white's ammonium carbamate-released glycan profiles (neutral and acidic) were remarkably similar to its' PNGase F-released N-glycan profiles (data not shown). Previous work noted that significant amounts of N-glycans were also concurrently released from glycoproteins upon treatment with ammonium carbamate[17]. Direct comparison to the N-glycan profile (PNGase F-released) may suggest that the monoisotopic peaks observed in the ammonium carbamate-released glycan profiles of chicken egg white are probably N-glycans. 
We have shown that trace sulfated and phosphorylated N- and O-glycans present in complex biological samples can be detected using MALDI-TOF MS with an efficient complementary enrichment technique like the Glycoblotting method with a seamless methylation protocol and a charge-based separation technique, such as WAX. Finally, the anionic glycan expression profiles of human saliva and chicken egg whites provide insights into the importance of sulfated[46] and phosphorylated[47] glycans as critical receptors in the propagation of the influenza virus. Especially both species (humans and chickens) are essential hosts in understanding influenza infections.

4. CONCLUSION
To address the current challenges in the analysis of sulfated glycans in complex biological samples, here we described a straightforward seamless workflow utilizing the advantages of the Glycoblotting method as a complementary enrichment and methylation technique for MALDI-TOF MS-based sulphoglycomics. We have shown that Glycoblotting provides an efficient glycan enrichment platform, and together with its on-bead methyl esterification using MTT, we have addressed the three main hurdles in sulphoglycomics – trace abundance, sample loss, and the presence of sialic acid. Glycoblottings’ on-bead methyl esterification step proved useful in discriminating sulfated glycans from sialylated glycans and differentiating isomeric glycans bearing either sulfate or phosphate groups. Thus, this workflow offers efficient enrichment and detection of trace sulfated and phosphorylated glycans. We believe this approach would significantly contribute to simplifying the current MALDI-TOF MS-based sulphoglycomics workflow.
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Figure Legends

Figure 1. MALDI-TOF MS profile of O-glycans from porcine stomach mucin (PSM) enriched using (A) cotton HILIC and (B) Glycoblotting method. (C) Comparison of qualitative estimation of glycan enrichment between cotton HILIC and Glycoblotting method for both neutral and sulfated O-glycans from PSM. The total glycan area was calculated from the summation of all glycan peak areas identified from each spectrum shown in (A) and (B). O-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics and GlycoWorkbench. Fucose residues explicitly linked to the O-glycan backbone (e.g., Ley) were based on the MS/MS analysis of porcine stomach mucin O-glycans deduced by Cheng, P. et al.[49]. Absolute quantification and linkage-specific MS/MS structural analysis of each glycan species were not attempted and are beyond the scope of this work. I.S. indicates internal standard, Hexa-N-acetylchitohexaose (200 pmol).

Figure 2. MALDI-TOF MS profile of BOA-labeled N-glycans from bovine thyroglobulin (BTG) enriched using Glycoblotting method then fractionated using WAX. N-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics, GlycoWorkbench, and previous reports[25, 29, 30]. Linkage-specific MS/MS structural analysis of each glycan species was not attempted. I.S. indicates internal standard, disialyloctasaccharide, SGP-10 (1000 pmol).

Figure 3. MALDI-TOF MS profile of BOA-labeled N-glycans from chicken egg white ovomucoid (OVM) enriched using Glycoblotting method then fractionated using WAX (A). MALDI LIFT TOF/TOF MS spectra of BOA-labeled mono-methylated phosphorylated Man6 N-glycan (1640.6 m/z) from OVM in positive ion mode having an [M+2Na – H] + ion adduct (B). N-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics. Fragment ion assignment was manually annotated using Bruker FlexAnalysis 3.0 and GlycoWorkbench. I.S. indicates internal standard, disialyloctasaccharide, SGP-10 (1000 pmol).

Figure 4. MALDI-TOF MS profile of BOA-labeled mono-phosphorylated high-mannose N-glycan from chicken egg white ovomucoid (OVM) before and after alkaline phosphatase treatment. N-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics and GlycoWorkbench.

Figure 5. MALDI-TOF MS profile of BOA-labeled neutral and sulfated glycans from human saliva. (A) N-glycans and (B) O-glycans. N- and O-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics and GlycoWorkbench. Linkage-specific MS/MS structural analysis of each glycan species was not attempted to verify the structure. I.S. indicates internal standard, disialyloctasaccharide, SGP-10 (1000 pmol).


Figure 6. MALDI-TOF MS profile of BOA-labeled N-glycans from chicken egg white (CEW) enriched using Glycoblotting method then fractionated using WAX. N-glycan structures were inferred using the experimental m/z from the Expasy GlycoMod Tool and Glyconnect Database of the Swiss Institute of Bioinformatics and GlycoWorkbench. No attempt was made to verify the N-glycan structures using a linkage-specific MS/MS analysis. I.S. indicates internal standard, disialyloctasaccharide, SGP-10 (1000 pmol).
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